Introduction
The Fenton reaction (Fe 2+ /H 2 O 2 ) is one of most commonly used advanced oxidation processes, which can generate a highly reactive hydroxyl radical (cOH). cOH is the second strongest oxidizing agent next to uorine, which can oxidize organic pollutants into H 2 O and CO 2 or low molecular weight organic compounds. 1,2 However, its application for degradation of refractory organic pollutants is limited by difficult separation and low recovery of the catalyst, and further treatments of the dissolved iron and sludge. 3 To overcome these limitations, various solid catalysts have been developed, such as supported noble metal nanoparticles (NPs), [4] [5] [6] iron-based clays, silica and zeolites, [7] [8] [9] [10] and iron-based magnetic NPs, [11] [12] [13] [14] [15] as heterogeneous Fenton-like catalysts. Among those, iron-based catalysts have received increasing attention due to their unique advantages including (1) they are inexpensive and relatively non-toxic; (2) the magnetic properties of Fe-based catalysts have the advantage of easy separation by external magnetic eld; and (3) desirable catalytic activity in comparison to other catalysts. Fe 3 O 4 was shown to be an efficient catalyst for the heterogeneous Fenton-like reaction due to the presence of Fe II species in the magnetite structure initiating the Fenton reaction.
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The octahedral structure of Graphene, a single layer of two-dimensional versatile carbon material with a hexagonal packed lattice, has exhibited promising applications as a 2-D catalyst support [22] [23] [24] [25] due to its high surface area, 26 superior mechanical properties, 27 and excellent mobility of charge carriers. 28 Graphene oxide (GO) consists of abundant oxygenated functional groups, such as hydroxyl and epoxides on the basal plane with carbonyl and carboxyl groups at the edges. 29 These oxygenated functional groups can anchor and immobilize metal and metal oxides on its surface and can effectively prevent agglomeration. 24, 30 The combination of graphene-based material and inorganic NPs can also prevent the aggregation of graphene sheets. Furthermore, theoretically, graphene can serve as an effective mediator to facilitate the electron transfer from Fe 0 to^Fe 3+ for the regeneration of Fe 2+ . In our previous study, 31 graphene-based material showed excellent absorption ability for bisphenol A owing to the strong p-p interaction between graphene and the aromatic ring of bisphenol A. This signicantly promoted the accessibility of active sites, leading to improved mass transfer and catalytic efficiency.
With diminishing fossil fuels such as oil and gas, the coalbased chemical industry is rejuvenating around the world. As a result, increasing amounts of industrial waste water containing refractory phenol and phenol type pollutants has become an intractable environmental concern. 
Materials and methods

Materials
Natural graphite powder (200 mesh, 99.9% purity), phenol (99% purity) was purchased from Alfa Aesar Chemical Co., Ltd. All other chemicals were analytical grade and were purchased from Tianjin Zhiyuan Chemical Co., Ltd. All of the chemicals were used without further purication unless notied. Deionized water was used throughout the experiments.
Preparation of the catalysts
GO was synthesized from graphite powder according to a reported procedure. 1.5 g of FeSO 4 $7H 2 O was dissolved in 50 mL of deionized water. The solution was slowly added to the dispersion of Fe 3 O 4 -RGO with stirring for 1 h. In the next step, a stoichiometric amount (1.0 g) of NaBH 4 was added dropwise to 50 mL of the solution prepared in the previous step and stirred for 1 h. The ferrous iron was reduced to iron zero according to reaction (4). The product Fe 0 /Fe 3 O 4 -RGO was obtained as black particles and was washed with deionized water and ethanol ve times, and was then dried in a vacuum oven at 40 C for 24 h.
The Fe 0 -RGO was prepared by the following procedure: 0.20 g of graphite oxide akes was exfoliated and dispersed in 120 mL of deionized water through ultrasonic treatment for 1 h. Then 0.30 g of FeSO 4 $7H 2 O was dissolved in 10 mL of deionized water. The solution was slowly added to the dispersion of GO with stirring for 1 h. Then, a stoichiometric amount (0.20 g) of NaBH 4 was added dropwise to 10 mL of the solution prepared in previous step and stirred for 1 h. The obtained product was washed with deionized water and ethanol ve times, and was then dried in a vacuum oven at 40 C for 24 h.
Characterization of the catalyst
X-ray diffraction (XRD) spectra were recorded on a Bruker D8 Advance X-ray diffractometer equipped with a diffracted-beam monochromator set for Cu Ka radiation (l ¼ 1.5418Å). Fourier transform infrared (FT-IR) spectra were collected with a Bruker VERTEX-70 spectrometer in the range of 4000-500 cm À1 . The morphology and particle size of the prepared catalysts were analyzed using transmission electron microscopy (TEM) (Tecnai G2 F20, FEI, USA). X-ray energy dispersive spectroscopy (EDS) was used to analyze the element composition and distribution. The zeta-potential of the Fe 3 O 4 -RGO was measured using a Malvern Zetasizer Ultra ZS90. The BrunauerEmmett-Teller surface area (S BET ) of the catalysts was obtained by N 2 adsorption-desorption using an Automated Gas Sorption Analyzer (Quadrasorb IQ, Quantachrome Instrument Corp). The Raman spectra were recorded from 40 to 4000 cm À1 on a micro laser Raman spectrometer (Horiba Scientic, France). The surface element compositions were measured using X-ray photoelectron spectroscopy (XPS) with a Thermo ESCALAB 250XI spectrometer using monochromatic 150 W Al Ka radiations. The magnetic properties of the catalysts at room temperature were measured using a vibrating-sample magnetometer (MPMS XL-7, Quantum Design, USA).
Degradation experiments
The phenol degradation experiments were carried out in a 50 mL conical ask placed in a rotary shaker in the dark. The rotate speed was set at 150 rpm. Typically, 25 mg of catalyst was added to 25 mL of 50 mg L À1 phenol solution whose pH value was adjusted by addition of H 2 SO 4 or NaOH. H 2 O 2 was added to the solution to initiate the reaction. Then, 1.0 mL of the suspension was taken at given time intervals using a syringe, separated and quenched with an excessive amount of methanol. To test the stability of catalyst, the catalyst was collected, washed, dried under vacuum, and reused in a fresh solution of phenol and H 2 O 2 for multiple catalytic cycles.
Sample analysis
The concentrations of phenol were analyzed via highperformance liquid chromatography (Ultimate 3000, Dionex) equipped with UV absorbance detector and C18 column (4.6 mm Â 250 mm). The H 2 O 2 concentration was analyzed by iodometric method. 33 Chemical Oxygen Demand (COD) was determined by a known procedure. 33 The concentration of total dissolved iron was measured with 1,10-phenanthroline aer adding hydroxylamine hydrochloride at 510 nm on a UV/Vis spectrophotometer. 34, 35 (For detailed procedure, see ESI †).
Electron paramagnetic resonance (EPR) studies
The EPR spectra were obtained on a Bruker E500 spectrometer with a microwave bridge at room temperature. 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) was used as spin-trapping agent (for detailed procedure, see ESI †).
Results and discussion
Synthesis methods and characterization
The typical synthesis of Fe 0 /Fe 3 O 4 -RGO is depicted in Fig. 1 .
Firstly, the pre-synthesized graphite oxide was transformed to exfoliated graphene oxide sheets via ultrasonic dispersion. Then, the nano-dispersed Fe 3 O 4 on RGO composite was prepared by solvothermal method followed by reduction to RGO. Zeta potential analysis (Fig. S1 †) Fig. 2a and b) . As shown in Fig. 2c Fig. 3a . The peaks at 285 eV, 531 eV, 711 eV and 725 eV were assigned to C 1s, O 1s, Fe 2p 3/2 and Fe 2p 1/2 , respectively. The survey spectra revealed the presence of the peak assigned to oxidized carbon, decreased dramatically, implying that the GO was reduced to RGO ( Fig. 3c and d ). In in Fig. 4c (5)). 46 The oxidants responsible for the removal of phenol were generated by Fenton reaction (reactions (6) and (7) 
Effects of pH and H 2 O 2 concentration on phenol removal
The effect of pH on the removal of phenol using Fe 0 /Fe 3 O 4 -RGO is shown in Fig. 6a . The results showed that the catalytic activity of Fe 0 /Fe 3 O 4 -RGO for phenol removal was highly pH-dependent.
The removal efficiency of phenol was only 20% aer 90 min at pH 6.0, while the removal efficiency of phenol dramatically increased with decreasing pH. The phenol was almost totally removed aer 30 min at pH 3.0. The higher removal efficiency at lower pH was ascribed to the higher oxidation potential of cOH under acidic conditions. 51, 52 It was also proposed that acidic conditions were favourable for the stability of H 2 O 2 and were benecial for the generation of cOH and the formation of metal oxide-pollutant inner-sphere complexes.
14 The effect of the H 2 O 2 concentration on removal of phenol using Fe 0 /Fe 3 O 4 -RGO was also investigated (Fig. 6b) . It was observed clearly that the removal efficiency of phenol increased with increasing H 2 O 2 concentration from 1 mM to 5 mM. Hydrogen peroxide is the precursor in the reaction with^Fe 2+ generating cOH as described in reaction (1). With insufficient H 2 O 2 concentration (below 5 mM), the amount of cOH generated will be limited, leading to a low removal efficiency of phenol. Interestingly and noticeably, the removal efficiency of phenol decreased with increasing H 2 O 2 concentration from 5 mM to 8 mM. This was probably because the excess H 2 O 2 could be a scavenger of cOH, as described in reaction (8) . 42, 53 Although other oxidative species, such as HOOc and O 2 c À , are generated, as described in reactions (8) and (9), cOOH and O 2 c À have much lower oxidation potentials than cOH.
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Fe 2+ + H 2 O 2 /^Fe 3+ + HO À + cOH (1) cOH + H 2 O 2 / H 2 O + HOOc (8) HOOc 4 O 2 c À + H + (pK a 4.8)(9)
Iron leaching and H 2 O 2 decomposition
The concentrations of H 2 O 2 and total dissolved iron during phenol removal using the Fe 0 /Fe 3 O 4 -RGO composite were investigated as well (Fig. 6c) . It was observed that the concentration of total dissolved iron increased with the reaction time. (Fig. 6d) . The maximum COD removal (63%) was achieved aer 90 min, indicating that a residual amount of organic compounds remained in solution, presumably generated by catalytic oxidation reaction. The stoichiometry utilization efficiency of H 2 O 2 was dened as the ratio of the amount of H 2 O 2 used for the degradation of phenol against the total amount of H 2 O 2 consumed in the reaction. 55, 56 Based on reactions (11)-(13), the utilization efficiency of H 2 O 2 can be calculated as 86% through eqn (10). The utilization efficiency of H 2 O 2 was notably higher than previously reported results. Fig. 7a , the kinetic rate of phenol removal only decreased slightly aer ve successive batch experiments. This was attributed to iron leaching from the catalyst surface into solution, as discussed in the previous section. Another possible reason could be the poisoning of the active catalytic sites by adsorbed organic species. Impressively, the removal efficiency of phenol remained as high as 93% aer 90 min reaction and reuse in ve catalytic cycles (Fig. 7b) 
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Therefore, tertiary butanol was selected as a scavenger of cOH.
As shown in Fig. 7c , the removal efficiency of phenol was 30% aer 90 min in the presence of 300 mM tertiary butanol. For Fe 0 / Fe 3 O 4 -RGO/H 2 O 2 without adding tertiary butanol, the removal efficiency of phenol was as high as 100%. These results imply that the cOH is the main reactive species responsible for phenol removal rather than high oxidative state iron species (Fe IV ). 34 To further identify free radical species generated in the catalytic system, EPR technique with spin-trapping agent DMPO was used. As shown in Fig. 7d, four It was reported that the heterogeneous Fenton-like reaction and cOH production mostly occur on the surface of the solid catalyst. 22, 42, 54 In addition, cOH was found to have a very short half-life (<1 ms). 59 According to this, the tight adsorption of phenol on the catalyst surface would increase the probability of the reaction between phenol and hydroxyl radicals formed at the surface of the catalyst. 60 Therefore, the effective absorption of phenol on the catalyst surface could actually facilitate the catalytic process of phenol removal.
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Based on previous literature and our experimental results, a possible mechanism of enhanced removal of phenol using Fe 0 /Fe 3 O 4 -RGO as a heterogeneous Fenton-like catalyst was proposed (Fig. 8) , which resulted more cOH. The strong p-p interaction between RGO and the aromatic ring of phenol promoted the absorption of phenol and thus increased the probability of the reaction with proximate hydroxyl radicals formed on the surface of the catalyst. All these helped achieve the high catalytic activity.
